We describe how stimulated Raman adiabatic passage (STIRAP) can be applied to create spectral holes in an inhomogeneously broadened system. Due to the robustness of STIRAP, our proposal guarantees high flexibility and accuracy and, at variance with traditional spectral hole burning techniques, it may require substantially less time resources since it does not rely upon the spontaneous decay of an intermediate excited state. We investigate the effects on the scheme of dephasing and dissipation as well as of unintentional driving of undesired transitions due to a finite splitting of the initial and target state. Finally, we show that the pulses can be reversed to create narrow absorption structures inside a broad spectral hole, which can be used as qubits for precise quantum operations on inhomogeneously broadened few-level systems.
I. INTRODUCTION
Within the last decade, we have seen a surge of interest in utilizing solid state dopants like rare earth ions in crystals [1] [2] [3] [4] , nitrogen vacancy (NV) centers in nanodiamonds [5, 6] and quantum dots in nanoscale semiconductors [7] for quantum operations. Experimentally, there has been significant progress leading to single photon sources [8] , quantum memories [9] , individual addressing of ions [5] , observation of ultra slow group velocities of light [10] and much more. However, due to their complex structure and high density, all of these systems suffer from vast intrinsic inhomogeneous broadening [11] [12] [13] . The broadening is predominantly observed in the excited state since it interacts strongly with the surrounding crystal medium which leads to a shift in the transition frequencies.
One well known method to combat this inhomogeneous broadening is to employ spectral hole burning [14, 15] . This is usually carried out by illuminating monochromatic (laser) light on the sample and sweeping the frequency across a range where the hole is desired. This excites near resonant ions from the ground state to an excited state. A subsequent decay to a different ground state, not coupled by the laser, then leads to a hole in the spectrum around the chosen frequencies. This scheme is time consuming, operating on a time scale defined by the lifetime of the excited state.
In this paper, we propose to utilize stimulated Raman adiabatic passage (STIRAP) [16, 17] to create spectral holes and to establish isolated peaks in the inhomogeneously broadened absorption spectrum of the dopant ions in a crystal, as illustrated in Fig. 1(a-c) . STIRAP constitutes a highly efficient technique to transfer population between internal levels of an ion or a molecule without populating the intermediate levels of the Raman transition. It is robust to variations in the applied laser fields, flexible in choosing the target level, and, as long as the adiabaticity condition is fulfilled, it yields high fidelities [18] . STIRAP has been realized in a diverse range of settings from trapped ions [19, 20] , to chiral molecules [21] and even for quantum computations [22, 23] . For detailed reviews of this method see [18, 24] .
We consider an ensemble of Λ type systems [see by adiabatically transferring the population from state |1 to state |3 for those ions with resonance frequencies around a predefined frequency ω target . Despite the robustness of STIRAP against parameter variations, the population transfer fidelity drops if the detuning [∆ in Fig. 1(d) ] is too large. We shall show that this defines a sharp cut-off at ω target ± δ ω /2, yielding a spectral hole with well-defined edges where, as illustrated in Fig. 1(b) , every ion has been transferred to |3 . The width δ ω of this spectral hole can be tuned by the pulse parameters and under ideal conditions one can engineer a spectral hole with a completely flat base.
In addition to coherent spectral hole burning, our protocol offers the possibility to unburn a part of the hole by adding a second set of reversed pulses with different parameters, thereby preparing a group of emitters which absorb light within a narrow frequency interval inside the wider spectral hole, as illustrated in Fig. 1(c) . Such a reversed STIRAP (rSTIRAP) protocol can be used to isolate well-defined ions which may serve as qubits within a broad ensemble. In principle, this can be done at multiple frequency locations to create several qubits which, if geometrically located close to each other, experience dipoledipole interactions that can facilitate the implementation of controlled NOT (cNOT) gate [25] . Such an architecture will ultimately pave the way towards scalable quantum computing schemes relying on inhomogeneously broadened ensembles of quantum systems [26, 27] .
The paper is organized as follows. We start by presenting a generalized three-level model with a brief description of STIRAP in Sec. II. In Sec. III, we discuss the hole burning protocol and study the parameters that determine the shape and width of the spectral hole. Furthermore, we evaluate the influence of decoherence channels and off-resonant cross coupling on our scheme. Then, in Sec. IV, we introduce and characterize a reversed STI-RAP process (rSTIRAP) which returns the population to |1 for a selected frequency range. Finally, we conclude with an outlook in Sec. V.
II. PHYSICAL SYSTEM
We consider a collection of three-level ions in a Λ configuration [ Fig. 1(d) ] which suffer from intrinsic inhomogeneous broadening as shown by the schematic representation of the absorption spectra on its |1 ↔ |2 transition in Fig. 1(a) . This can be any inhomogeneous system, as for example, NV centers in nanodiamonds or a given species of rare earth ion doped in a host crystal like Eu A. Three-level model
The two transitions |1 ↔ |2 and |2 ↔ |3 are driven with (time dependent) Rabi frequencies Ω 12 (t) and Ω 23 (t). We drive the |1 ↔ |2 transition with frequency ω target (around which the spectral hole is desired) and assume the two photon resonance condition, which fixes the driving frequency on the |2 ↔ |3 transition. Due to the inhomogeneous broadening, each ion perceives a different detuning
12 is the resonance frequency on the |1 ↔ |2 transition of the i th ion . For simplicity of notation we will omit the index on ∆ i below. Assuming the ions to be non interacting, they each evolve independently according to a Hamiltonian (h = 1)
In realistic settings, the excited state |2 has a finite lifetime and the ensemble suffers from dephasing due to crystal imperfections and stray magnetic fields. To assess the effects of such mechanisms on our proposal, we describe the evolution of our system by a Lindblad master equation,ρ
where we apply the superoperator
{Ô †Ô , ρ} to describe spontaneous decay with rates γ 21 and γ 23 on the two optical transitions, and dephasing at a rate Γ of the excited state relative to the two ground states.
B. STIRAP scheme
The Hamiltonian (1) has one zero eigenvalue (ε 0 = 0), with corresponding eigenstate
The other eigenvalues are
and their corresponding eigenstates are
where
with
Clearly, |D is a non radiative dark state since it involves only the ground states |1 and |3 with a mixing angle θ, which depends on the two Rabi frequencies. The idea in STIRAP is to adiabatically follow this dark state while varying θ between θ = 0 (Ω 23
). This will effectively transfer all the populations from |1 to |3 . The introduction of a time delay τ > 0 between the pulses ensures that the Ω 23 pulse arrives before the Ω 12 pulse. This constitutes the core mechanism in STIRAP -the first pulse opens an energy gap in the spectrum, allowing an adiabatic transfer when the second pulse arrives.
The basic requirement is thus that the two pulses overlap while the mixing angle θ is varied. However, as long as the adiabaticity condition is satisfied (see below), the exact shape of the pulses is immaterial. Hence, for simplicity, we shall consider Gaussian pulses with identical strengths Ω max and widths σ, as shown in Fig. 2(a) ,
C. Adiabaticity and optimal time delay
In order to ensure an adiabatic transfer, the local adiabaticity condition must hold throughout the entire process. Namely,
which in the absence of single photon detuning (∆ = 0) becomes Ω 0 |θ| [18] . This condition guarantees that there are no diabatic transitions out of the dark state |D , and can be fulfilled by a sufficiently slow process (having a slow rate of change of θ) or by a large enough gap (larger Rabi frequencies in Ω 0 ).
In the next section we will see how the presence of detuning due to inhomogeneity affects this condition, as we are interested in engineering a protocol which attains adiabaticity for a tunable range of frequencies δ ω around ω target (∆ = 0). We shall take the amplitude Ω max of the pulses as our main control parameter, and in the following determine an optimal value of the time delay τ between the pulses.
We simulate [28] the STIRAP process by considering the ions to be initially in |1 and apply the pulses shown in Fig. 2(a) . The eigenvalues of the Hamiltonian in the presence of single photon detuning ∆ are plotted in Fig. 2(b) . The final population P 3 in |3 is shown in Fig. 2(c) as a function of the single-photon detuning ∆ and pulse delay τ . For τ σ, both pulses are switched on almost simultaneously and both |1 and |3 are coupled to |2 . This leads to Rabi oscillations between the different states leaving population in the excited state at the final time. However, for certain values of the detuning (around |∆| 25σ −1 ), perfect transfer into |3 is achieved. These points represent two-photon resonant Raman processes and, unlike the STIRAP process, they are highly dependent on the Rabi frequencies and detuning. For τ σ, the process breaks down due to the complete temporal separation of the two pulses. The first pulse (Ω 23 ) has no effect since all the population is in |1 while it is on, and the second pulse leads simply to Rabi oscillations between |1 and |2 . In-between these extreme limits, however, there is a regime where STIRAP works perfectly. We fix τ = √ 2σ, indicated by the green, dot-dashed line in panel Fig. 2(c) , which has been found to be an optimal value for the delay in similar studies [29] . 
III. HOLE BURNING
We will now describe how STIRAP can be used for hole burning in an inhomogeneously broadened sample. We initially neglect the effects of dephasing and decay (γ 21 = γ 23 = Γ = 0 in the master equation (2)) but we shall discuss their implications for our results in Sec. III B.
A. Spectral hole profile Figure 3 (a) shows P 3 after the STIRAP pulses as a function of ∆ and Ω max . We notice that for ions for which the pulses are very off-resonant, STIRAP fails and only ions with ∆ 0 are transferred to state |3 . However, as the strength of the pulses increases, the protocol becomes robust in a wider range of detunings, and the width δ ω of the spectral hole increases. This is due to a growing energy gap between the dark state and the relevant bright state (see Eqs. (4), and our discussion below).
The spectral profile of the hole is shown in Fig. 3(b) for different values of Ω max . From these plots, it is evident that while small oscillations appear in the base of the spectral hole, with higher values of Ω max one can achieve a spectral hole with a fairly flat base and sharply defined edges beyond which the population in |3 decreases to zero. It is noteworthy that the robustness of the STIRAP guarantees that the excited state |2 is never populated during this population transfer, which was also observed in our simulations.
We can address the width of the spectral hole by considering the effects of the single-photon detuning ∆ on the adiabaticity condition. In the presence of finite ∆, one of the bright states (|+ for ∆ > 0 and |− for ∆ < 0) decouples from the dark state |D with an energy gap larger than ∆. Therefore, it is sufficient to consider only the adiabaticity condition involving the other eigenstate. We focus our discussion on the case where ∆ > 0 and study the coupling with |− , and note that the reverse situation (∆ < 0, coupling to |+ ) produces the expected symmetrical results. The STIRAP adiabaticity condition (11) yields approximately |∆| Ω 2 0 /8θ which already gives the scaling of the width with the pulse parameters. As seen from the green line in Fig. 3(a) , defining the edge of the hole at ±Ω 2 0 /16θ fits the numerical data with good agreement.
We may apply a simple model which captures the essential features of the STIRAP transition, and allows analytic insight regarding the width and detailed profile of the spectral hole and its dependence on the pulse parameters. The model assumes that Ω 0 (t) and φ(t) are constant while the mixing angle θ(t) = πt/2T varies linearly between 0 and π/2 during a time T . This approximates well the Gaussian pulses in Eqs. (9) (10) in the time interval between their maxima where the main part of the STIRAP process happens.
In absence of dephasing and decay, a perturbative treatment yields the probability for a non-adiabatic transition out of the dark state [30] ,
Under the above conditions, both the energy gap δ ≡ (ε 0 − ε − ) and the non-adiabatic coupling −|Ḋ remain constant, and we obtain an analytical estimate for the final population of state |3
where sinc(x) = sin(x)/x. Note that δ = ( ∆ 2 + Ω 2 0 − ∆)/2 decreases monotonically as ∆ increases. The edge of the spectral hole is defined by the first zero of the sinc function, which occurs when πδ /4θ = π, yielding
and a corresponding hole width of δ ω = 2∆ edge . For |∆| < ∆ edge , P 3 is close to 1, giving a flat plateau for the spectral hole (sinc 2 (x) < 0.05 for x > π). For |∆| > ∆ edge , P 3 rapidly decreases and for large ∆, Eq. (13) can be approximated as
. In order to apply this expression to the Gaussian pulses, we approximate the parameter values by those at the instant between the two pulses (i.e., Eqs. (9-10) at t = 0), giving Ω 0 √ 2e
2 Ω max andθ τ /2σ 2 . With these approximations, ∆ edge is shown with a blue dot-dashed line in Fig. 3(a) which fits the numerical data with reasonable agreement.
We can also use Eq. (13) to understand the structure of the base of the hole as seen in Fig. 3(b) . The oscillatory structure is defined by the tail of the sinc function beyond its first zero. The maximum value of the argument is πΩ 0 /8θ (at ∆ = 0) which dictates the number of oscillations and how flat the base appears (how far out the sinc tail it starts). Figure 3 of ∆/∆ edge and pulse intensity Ω max . This allows to see the generality of this simple model in predicting the cut off, and to visualize the structures of the spectral hole with its increasing flatness as Ω max increases.
B. Effects of decay and dephasing
While the results presented above signify that under ideal conditions STIRAP allows well defined and broad holes to be burned in an inhomogeneous profile, any realistic setup will experience experimental or fundamental limitations. In the following, we study the effects of decay and dephasing on the hole burning process.
We show in Fig. 4(a) the profile of the spectral hole for different decay rates of the excited state (γ 21 = γ 23 ≡ γ ≥ 0). We find that as the rate of decay increases, the flat profile of the spectral hole is lost. Moreover, for very large values of γ even the high fidelity at resonance is lost.
In Fig. 4(b) , it is seen that while our protocol is robust in the absence of non-radiative dephasing (Γ ≥ 0) of the excited state, as the dephasing increases, the final population P 3 in state |3 starts decreasing. At variance with the effects of decay, however, the flatness of the hole is preserved as the fidelity decreases globally.
Our results shows thus, that for systems with large environmental couplings, the STIRAP hole burning protocol becomes inefficient. However, realistic dephasing and decay rates are typically much smaller than the values considered in Fig. 4 [1] , ensuring good performance for ions in quantum information processing tasks.
C. Effects of off-resonant cross coupling
This far we have assumed that each laser couples only to the desired transition in the ions. For some ions, however, the detuning may be comparable to the splitting between the stable states (|∆| ω 13 ), and one of the STIRAP laser pulses may unintentionally excite the wrong transitions, as described by the contributions to the Hamiltonian,
that were disregarded in Eq. (1).
In Fig. 5 it is seen that as long as the level splitting is larger than the desired spectral hole (cf. the curve for ω 13 = 400σ −1 ), the effects of this cross-coupling are insignificant in the intended frequency range. For smaller level splittings, however, the hole width is reduced, as STIRAP becomes completely ineffective and yields no final population in |3 for the resonances ∆ = ±ω 13 (cf. the dips for the ω 13 = 50σ −1 and 100σ −1 curves). It is thus evident that the energy splitting imposes an upper bound δ ω < ∼ 2ω 13 to the width of the spectral hole. Note that a similar restriction applies for conventional hole burning.
IV. QUBIT ISOLATION
We have shown how STIRAP can be utilized to create spectral holes with high fidelity. In this section, we propose to follow that process with a set of reversed STIRAP (rSTIRAP) pulses of lower intensity in order to bring some atoms back into state |1 and create narrow-band peaked structures at target frequencies ω (n) target inside the burned hole. This can be used, for instance, in quantum information processing to effectively create one or multiple isolated qubits in an inhomogeneous sample [26, 27] .
A. Reversed STIRAP
Assuming ideal conditions, after the initial STIRAP pulses, all ions inside the spectral hole are in state |3 . Therefore, a new set of reversed pulses (Ω 12 acting before Ω 23 , i.e., τ < 0 in Eqs. (9-10)) will adiabatically bring back a selected band of them to the state |1 . As we discussed in the previous section, the width of the band is tunable through the pulse intensity, and less intense pulses thus allow us to bring back a much narrower band of the spectrum. The set of STIRAP and rSTIRAP pulses in this process are depicted in Fig. 6(a) , which also shows how the mixing angle θ(t) (blue, dotted line) varies from 0 to π/2 for the STIRAP pulses, followed by its return to 0 during the rSTIRAP pulses. Figure 6 (b) shows how the strength of the second set of pulses, Ω (r) max , influences the final population in |1 for different values of ∆ (after the hole has been created). It is seen that, in a similar manner as for the original hole burning, the strength of the rSTIRAP pulses can indeed be used to control the width of the unburnt frequency band. The figure shows also the limit on how narrow these peaks can be created, as dictated by the adiabaticity condition: if Ω (r) max is too small, rSTIRAP fails for all values of ∆, resulting in a peak with less than unit population in |1 .
B. Isolation profiles
We show in Fig 6(c) the profile of a narrow isolated peak inside a broad spectral hole, signifying that the combination of STIRAP and rSTIRAP processes can be successfully employed to create well-defined systems within a broad inhomogeneous ensemble. The wiggles in the spectral hole, see Fig. 3 , can cause a small loss of fidelity of the imprinted structures around the desired qubit. However, for multi-qubit quantum computing protocols [27] , the isolated emitters will dominate over the background. It is possible to isolate multiple qubits inside the same broad spectral hole. We illustrate this in Fig. 7 , where the sequential application of five sets of rSTIRAP pulses with different target frequencies ω (n) target yield five welldefined qubits inside the hole. While here we have assumed the serial application of the different rSTIRAP pulses, it should also be possible to create an atomic frequency comb [31, 32] , i.e., a number of equidistant isolated qubits, by simultaneously applying the rSTIRAP pulses with an optical frequency comb, see also Ref [33] for a related proposal in a Doppler-broadened system.
V. OUTLOOK
In this paper, we have shown how STIRAP can be used for coherent spectral hole burning with high fidelity and better control of the shape of the spectral hole. We derived an analytical expression that estimates the width of the hole as a function of the pulse intensity and emphasize how a hole with well-defined edges may be obtained due the adiabaticity requirement in the STIRAP scheme. Moreover, we proposed to apply additional sets of weaker STIRAP pulses to isolate qubits inside the spectral hole. STIRAP is highly flexible in targeting any state and the entire process requires just two Gaussian pulses.
Our proposal is robust against variations in pulse parameters as long as the adiabaticity condition is fulfilled and against moderate decoherence in the excited state. For clarity of presentation, we focused our attention on Gaussian pulses. However, in a future study it would be interesting to consider the possibilities offered by more complex pulse shapes which may deliver spectral holes with sharper edges and other desirable features.
The parameters considered in this paper are compatible with the state-of-the-art developments in the experimental domain. [1] . Assuming that one desires to create a spectral hole of width δ ω ∼ 1 MHz with isolated (qubit) structures of a few kHz wide inside, the dephasing and decay rates of Γ = 0.785 kHz and γ = 45 kHz are small and will not severely affect the efficiency of STIRAP. In addition, the ground state separation is on the order of ω 13 0.3 × 10 14 Hz δ ω , implying that off-resonant cross coupling is negligible for these systems. 
